Charged-particle spectra associated with direct photon (γ dir ) and π 0 are measured in p+p and Au+Au collisions at center-of-mass energy √ s N N = 200 GeV with the STAR detector at RHIC. A 3
shower-shape analysis is used to partially discriminate between γ dir and π 0 . Assuming no associated charged particles in the γ dir direction (near side) and small contribution from fragmentation photons (γ f rag ), the associated charged-particle yields opposite to γ dir (away side) are extracted. At midrapidity (|η| < 0.9) in central Au+Au collisions, charged-particle yields associated with γ dir and π 0 at high transverse momentum (8 < p trig T < 16 GeV/c) are suppressed by a factor of 3-5 compared with p+p collisions. The observed suppression of the associated charged particles, in the kinematic range |η| < 1 and 3 < p assoc T < 16 GeV/c, is similar for γ dir and π 0 , and independent of the γ dir energy within uncertainties. These measurements indicate that the parton energy loss, in the covered kinematic range, is insensitive to the parton path length.
PACS numbers: 25.75.-q,25.75.Bh Keywords: hard scattering, relativistic heavy-ion collisions, jets, direct photons, energy loss mechanism A major goal of measurements at the Relativistic Heavy Ion Collider (RHIC) is to quantify the properties of the QCD matter created in heavy-ion collisions at high energy [1] . One key property is the medium energy density, which can be probed by its effect on a fast 5 parton propagating through it [2] . A parton scattered in the initial stages of a heavy-ion collision propagates through the medium and results in a shower of hadrons (jet), with high transverse momenta (p T ), in the detectors. The medium energy density is extracted through 10 the comparison of measured observables with theoretical models. Many perturbative Quantum Chromodynamics (pQCD)-based models of parton energy loss have successfully described much of the high-p T data with medium parameters that span a wide range [3] . To better con-15 strain these parameters, it is essential to examine the dependence of the energy loss (∆E) on the initial energy of the parton (E), path length of the parton through the medium (L), and the parton type, independently. This necessitates additional experimental observables.
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The γ dir -jet coincidence measurements have long been proposed as a powerful tool to study parton energy loss in the medium created at RHIC [4] . The leading-order production processes of direct photons γ dir , quark-gluon Compton scattering (q + g → q + γ) and quark-antiquark 25 annihilation (q +q → g + γ), are free from the uncertainties accompanying fragmentation. The outgoing high-p T γ balances the p T of the partner parton separated by π in azimuth ("away-side"), modulo negligible corrections due to parton intrinsic p T [5] . The study of the spectra 30 of the away-side jet particles associated with the highp T γ dir can constrain the dependence of ∆E on E. The mean-free path of the γ in the medium is large enough that its momentum is preserved, regardless of the position of the initial scattering vertex. The γ does not suffer 35 from the geometric biases (non-uniform spatial sampling of hadron triggers due to energy loss in the medium) inherent in single hadron spectra and di-hadron azimuthal correlation measurements. A comparison between the spectra of the away-side particles associated with γ dir vs.
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those associated with π 0 can constrain the dependence of ∆E on L [6] .
In this Letter we examine ∆E by comparing jet yields measured in central Au+Au collisions and p+p collisions between particles. We investigate the ∆E dependence on E, via γ dir -charged-particle (γ dir -h ± ) correlations, and on L, via a comparison of π 0 -charged particle (π
correlations. Taking advantage of the unique configuration of the STAR detector, we present a novel 50 analysis technique to extract the spectra of charged particles associated with γ dir . This technique provides a much needed higher statistics than that in [7] for these types of rare probes, and allows for more statistically significant measurement.
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The STAR detector is well suited for measuring azimuthal angular correlations due to the large coverage in pseudorapidity (η) and full coverage in azimuth (φ). Using the Barrel Electromagnetic Calorimeter (BEMC) [8] to select events (i.e. "trigger") with high-p T γ, the 
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A crucial part of the analysis is to discriminate between showers from γ dir and two close γ's from high-p T π 0 symmetric decays. At p π 0 T ∼ 8 GeV/c, the angular separation between the two γ's resulting from a π 0 decay is typically smaller than a tower size, but a π 0 shower is generally 70 broader than a single γ shower. The Barrel Shower Maximum Detector (BSMD) [8] consists of 18000 channels (strips) in each plane (η and φ) and resides at ∼ 5.6 radiation lengths inside the calorimeter towers. The BSMD is capable of (2γ)/(1γ) separation up to p In this analysis, events with vertex within ±55 cm of the center of TPC are selected. The BEMC is calibrated using the 2006 p+p data, using a procedure described elsewhere [10] . The tracking efficiency of charged parti-
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cles as a function of event multiplicity is determined by embedding π ± in real data. The effects of energy and momentum resolution are estimated to be small compared to other systematic uncertainties in this analysis, and no correction is applied. The charged-track qual-85 ity criteria are similar to those used in previous STAR analyses [11] . Events with at least one electromagnetic cluster (defined as 1 or 2 towers) with E T > 8 GeV are depends on an analysis of the shower shape as measured by the BSMD and BEMC. The shower shape is studied by single-particle Monte-Carlo simulation and embedding γ and π 0 in real data. The shower shape is quantified with the cluster energy, measured by the BEMC, normalized 95 by the position-dependent energy moment, measured by the BSMD strips. The shower profile cuts were tuned to obtain a γ dir -free (π 0 rich ) sample and a sample rich in γ dir (γ rich ). From embedding single γ's and π 0 's into Au+Au data, the rejection power of the shower profile 100 cuts is estimated to be > 99% for rejecting γ dir and ∼ 60% for rejecting π 0 . A detailed study of the shower profile, primary vertex, and charge-rejection cuts is performed to determine the systematic uncertainties, which also include the energy scale uncertainty.
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The correlations in ∆φ between particles, measured as the number of associated particles per trigger per ∆φ ("correlation functions"), are used in both p+p and Au+Au collisions to determine the (jet) associated particle yields. Figure 1 shows the correlation functions for 110 γ rich and π 0 rich triggers for the peripheral (largest impact parameters) and most central (smallest impact parameters) bins in Au+Au collisions. As expected the γ richtriggered sample has lower near-side yields than those of the π 0 rich , but not zero. In addition to the isotropi-115 cally distributed underlying-event background, the nonzero near-side yield for the γ rich sample is expected due to remaining background contributions of widely separated γ's that are correlated with charged particles. The shower-shape analysis is only effective for rejecting two yield is corrected for the tracking efficiency of charged particles as a function of event multiplicity but, as in [11] , not for acceptance due to the η cuts. [11] . The yield in the first z T bin is corrected for the ∆z T width sampled on a trigger-by-trigger basis. The systematic errors on the π 0 rich -triggered yields have a correlated component of 145 ∼ 7 − 13%, and point-to-point uncertainties that are less than 5% for much of the data. Since the charged-hadron triggers are dominated by charged pions, the associated yields are expected to be similar to those of π 0 triggers, although there could be some differences due to the pres- that the γ f rag has a different correlation with the charged particle compared to that of π 0 with insensitivity to the charged rejection cut. However, the γ f rag contribution is expected to fall off more rapidly in x T (x T = 2p T / √ s) than the other lowest order γ dir 's [13] . One theoretical 175 calculation [14] shows the ratio of γ f rag to γ dir to be ∼ 30 − 40% at p γ T > 8 GeV/c in p+p at mid-rapidity at RHIC energy.
For the γ dir -triggered yields, the systematic errors are evaluated similar to π 0 and summarized as a function of 180 centrality and z T in Table I . An additional source of un- certainty on these yields arises from the assumption that the background contribution of γ f rag in the γ rich triggers has the same correlation as the π 0 rich triggers. This is assessed by comparing (with a χ 2 analysis) the shape of 185 the near-side correlation of γ rich to π 0 rich triggers. Thus, excepting those γ f rag that have no near-side yield, the contribution of γ f rag in the γ rich sample, not satisfying the assumption, is taken into account in the systematic errors. sions. At a given z T , the away-side yield per π 0 trigger is significantly larger than the yield per γ dir trigger.
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This difference is expected, since the γ dir carries the total scattered constituent momentum while the π 0 carries only a fraction of it. In addition, there are different proportions of quarks and gluons recoiling from γ dir and π 0 triggers. In Au+Au collisions, partonic energy loss can 200 lead to additional differences on the away-side since the path length, the energy of the parton, and the partonic species composition of the recoiling parton are different between γ dir and π 0 triggers at the same p trig T . A comparison to two different theoretical calculations of the as-205 sociated yields for γ dir triggers is shown in Fig. 3 (upper  panel) . The calculation by Zhang [15] does not include γ f rag and describes the data well. The calculation by Qin [16] includes a significant contribution of γ f rag , but it is quite similar in yield for p+p and also describes the 210 data within current uncertainties.
In order to quantify the away-side suppression, we calculate the quantity I AA , which is defined as the ratio of the integrated yield of the away-side associated particles per trigger particle in Au+Au to that in p+p collisions. culations in which the energy loss is tuned to the singleand di-hadron measurements [11, 17] . The calculation by Zhang for both γ dir and π 0 triggers [15] shows only a small difference in the suppression factor, growing at low z T . Two calculations for γ dir triggers, labeled as Qin [16] 225 and Renk-ASW [18] , show even less of a rise at low z T . In the calculation [18] using the ASW implementation of energy loss [19] , the effect of fluctuations in energy loss dominates over the effect of geometry, explaining the similarity in γ-and π 0 -associated yields. The calcula-
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tion that is not consistent with the data at low z T , the Renk-YaJEM model [18] , differs in that the lost energy is tracked and redistributed through the medium.
The disagreement with this model may indicate that the lost energy is distributed to extremely low p T and large an-235 gles [18] (as also evidenced by hadron-hadron correlation measurements [20] ), and perhaps even that the correlations to the trigger particle are lost. To further test this, one must explore the region of low z T . Figure 4 addresses the E dependence of ∆E. The sup- parton energy loss on parton species and path length traversed by the parton in the medium must be similarly small.
